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Abstract

Optical coherence tomography (OCT) allows label-free imaging of red blood cell (RBC) flux within capillaries with high
spatio-temporal resolution. In this study, we utilized time-series OCT-angiography to demonstrate interruptions in capil-
lary RBC flux in mouse brain in vivo. We noticed ~7.5% of ~200 capillaries had at least one stall in awake mice with chronic
windows during a 9-min recording. At any instant, ~0.45% of capillaries were stalled. Average stall duration was ~15 s but
could last over | min. Stalls were more frequent and longer lasting in acute window preparations. Further, isoflurane
anesthesia in chronic preparations caused an increase in the number of stalls. In repeated imaging, the same segments had a
tendency to stall again over a period of one month. In awake animals, functional stimulation decreased the observance of
stalling events. Stalling segments were located distally, away from the first couple of arteriolar-side capillary branches and
their average RBC and plasma velocities were lower than nonstalling capillaries within the same region. This first systematic
analysis of capillary RBC stalls in the brain, enabled by rapid and continuous volumetric imaging of capillaries with OCT-

angiography, will lead to future investigations of the potential role of stalling events in cerebral pathologies.
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Introduction

The high metabolic demand of the cerebral cortex
requires a continuous oxygen supply through the vas-
cular network. The dense capillary mesh within the
cerebral microcirculation permits efficient oxygen deliv-
ery as the typical distance between neurons and capil-
laries is 820 um.! Diseases affecting small vessels in the
brain cause a decrease in cerebral blood flow with a
reduced oxygen availability in the brain.>* It is neces-
sary but challenging to image the microcirculation in
high spatio-temporal resolution due to the size and
complexity of capillaries. Indeed, advanced capillary
imaging has proven to be very useful for increasing
our understanding of the microcirculation in health®
and disease.'” '® An interesting mechanism of microcir-
culatory dysfunction was identified by two-photon
microscopy (TPM) in mouse models of myeloprolifera-
tive disease, where spontaneous stalls in capillary red
blood cell (RBC) flux in individual capillary segments

were observed.!” Similar stall events were also previ-
ously seen in cerebral and retinal capillaries'® " but
were not systematically analyzed. Excessive amounts
of these flow interruptions would decrease oxygen
availability and would potentially result in neuronal
injury.
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Although TPM can demonstrate RBC stalls,'” the
relatively narrow field of view, the requirement for
repeat planar imaging to visualize a volume, and the
slow acquisition speed make it difficult to gather sim-
ultaneous data from multiple capillary segments.
Further, it requires an excessive amount of data and
effort to quantify these stalling events on a wide scale.
TPM also requires injection of contrast agents and
besides animal stress, this can possibly influence
blood viscosity or the vessel walls. Optical coherence
tomography (OCT) allows continuously repeated volu-
metric angiographic imaging at a high-speed and with
capillary-level resolution without the need for exogen-
ous contrast.’’* In this study, we utilized OCT-
angiogram time-series to detect and quantify capillary
stalls for an extended period of time (up to 18 min) and
with high temporal resolution (~0.1 Hz), permitting the
continuous imaging of ~200 capillaries. We describe
and compare these stall parameters in both anesthetized
and awake mice, with both acute and chronic window
preparations, to test the applicability of our technique
in various models. OCT permits efficient characteriza-
tion of the spatio-temporal dynamics of these stall
events. For a cerebral physiological perspective, we
show that the stalls are modulated during functional
activation. We anticipate that in future studies, this
method will permit association of these stalling events
with various small vessel and neurodegenerative
diseases.

Methods
Animals and surgery

For acute imaging, two to three-month-old CD1 mice
(23-26 g, female, Charles River) were used. Animals
were housed under diurnal lighting conditions with
free access to food and water. Under isoflurane anes-
thesia (2-3% induction, 1-2% maintenance, in 25/75%
oxygen/air), the left femoral artery was cannulated for
blood pressure measurements. Body temperature was
maintained with a homeothermic unit (Harvard
Apparatus). A craniotomy (3 x 3mm) was performed
over the left somatosensory cortex and the dura was
removed. The cortex was covered with agarose (1%
in saline), then with a 5-mm diameter glass. The
window was sealed with dental cement. The animal
was then placed under the imaging system.

For chronic awake imaging, C57BL/6 mice (20-23 g,
female, Charles River) underwent surgery when they
were 12-weeks old. A 3 x 3mm craniotomy was per-
formed over the left somatosensory cortex, keeping
the dura intact. A glass plug was inserted into the cra-
niotomy and fixed with dental acrylic (see supplemen-
tary methods for details). Mice recovered for two weeks

after surgery, followed by an additional two weeks for
the training of the mice to tolerate head restraint. The
first imaging sessions were performed when mice were
~4 months old (at least one month after surgery).

All experiments were approved by the Massachusetts
General Hospital Subcommittee on Research Animal
Care, were conducted following the Guide for the
Care and Use of Laboratory Animals and reported in
compliance with the ARRIVE guidelines.

OCT system and imaging protocol

A spectral-domain OCT system (1310 nm center wave-
length, bandwidth 170 nm, Thorlabs) was used for ima-
ging of the cerebral cortex.”> Axial resolution of the
system was 3.5um and imaging speed was 47,000 A-
scan/s. A 10x objective was used allowing a transverse
resolution of 3.5 um.

OCT-angiograms were constructed by a decorrela-
tion-based method.”> While conventional structural
OCT imaging acquires one xz B-scan for each y pos-
ition, the decorrelation-based method repeats two
B-scans and then analyzes the differences in the image
intensity and phase between the repeated B-scans.
There will be no difference for repeated voxels for
static tissue. In contrast, dynamic tissue, such as a
blood vessel, will experience a large intensity/phase dif-
ference between repeated B-scans due to particle move-
ment (e.g. flowing RBCs), and will appear as bright
areas in the OCT-angiogram.

For each experiment, two regions of interest (ROI)
(600x600 pm?) were imaged during baseline condi-
tions. The ROI was raster scanned at 400x400 pixel
resolution. Each OCT-angiogram acquisition took
~9s, and a time-series of 60 volumes of the cortical
microvasculature was consecutively acquired for each
ROI. In a subgroup of experiments, we repeated
B-scans five times to assess the detection sensitivity to
slow moving RBCs by using different B-scan intervals.

Maximum intensity projections (MIPs) of each
angiogram 150-250 um beneath the brain surface
were extracted for analysis as these layers provided
a high-quality angiogram signal from capillaries.
In angiograms, stalling capillary segments were readily
identified as a sudden intensity drop; disappearance
and reappearance of flowing RBCs in individual seg-
ments could be observed. We marked and manually
counted each stall for quantification.

For repeated experiments, we imaged the capillaries
in the same ROIs at the same depth. In paired awake/
anesthetized experiments, oxygen/air was supplied to
the animal during the awake recording, then isoflurane
was added at the aforementioned dose; imaging was
done ~S5Smin after establishment of anesthesia with
maintenance of body temperature.



Erdener et al.

Statistical analyses

Stall incidence was calculated by the number of seg-
ments stalling any time in the time-series divided by
the total number capillaries. Stall point prevalence indi-
cated the average number of stalled segments in each
imaging frame divided by the total number of capil-
laries. Cumulative stall duration was expressed as the
percentage of time that a given stalling capillary
segment was not flowing. Independent groups were
compared by Kruskal-Wallis ANOVA, followed by
Kolmogorov—Smirnov test or by Mann—Whitney (inde-
pendent samples). Dependent comparisons were done
by Friedman test followed by Wilcoxon tests (depend-
ent samples). Branching order distributions were
compared by Chi-square test. P<0.05 was accepted

as statistically significant. Results were expressed as
mean =+ standard deviation, unless otherwise indicated.

Results
Identification of stalls

Repeated imaging with time-series OCT-angiography
allows the detection of flowing capillaries at a given
time point and permits comparison across the images
to identify transiently stalling segments. In all moni-
tored ROIs, we identified a considerable number
of stall events in a fraction of capillary segments
(Figure 1). Stalls occurred preferably in certain seg-
ments, some of which stalled more frequently than
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Figure |. Representative OCT angiogram of capillary segments with stalling RBCs. Top left: Full field angiogram with stalling seg-
ments indicated with numbers. Scalebar: 100 um. Top right: Timeline of stalling segments through 60 consecutive images (~9 min).
Black points denote stalls. Bottom: Individual segments (arrowheads) with temporary interruptions of RBC flux (zoom in of the ROl in
the top-left image). Hollow arrowheads indicate a stalled capillary segment. Scalebar: 50 um.
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Table 1. Stall parameters across experimental groups.

Acute cranial

Chronic cranial
window and
awake animals

Chronic cranial

window and awake

animals, before
anesthesia

Chronic cranial

window and 5 min

window (~4-month-old, (~7-month-old, after anesthesia
(n=6) n=7) n==6) (n=6)
Stall incidence 18.6 £8.7% 7.50+2.56% 6.8+2.9% 11.9+£3.1%

(in 9 min of observation)

of all capillaries

of all capillaries

of all capillaries

of all capillaries

Acute-chronic p =0.002
Awake-anesthetized p =0.007
Number of stalls in each
segment (in | min)
Acute-chronic p=0.01
Awake-anesthetized p=0.14
Stall duration
Acute-chronic p =0.001
Awake-anesthetized p =0.54
Point prevalence
(at each time point)
Acute-chronic p =0.002
Awake-anesthetized p =0.01
Cumulative stall duration
Acute-chronic p =0.002
Awake-anesthetized p =0.54

0.55+0.39

493 +2l.1s

34+1.5%
of all capillaries

19.8 +6.0%
of observed time

0.25+0.06

15£45s

0.45+0.35%
of all capillaries

58+ 1.9%
of observed time

0.31 £0.07 0.28 £0.08

23+ 15s 29+ 18s

0.6 £0.2%
of all capillaries

1.5+0.6%
of all capillaries

10.6 +3.2%
of observed time

11.9+62%
of observed time

others. We called these “‘stalling segments.” A different
subset of capillaries was stalled at each time point. The
stalling segments did not have any distinguishing fea-
ture that could be readily identified from the OCT
images.

In experiments with anesthetized acute cranial
window preparations (n=06), the stall incidence, i.e.
percentage of capillaries having a stall any time
during the 9-min recording, was around 19% (see
Table 1 for statistics). Stalls were occurring on average
once every 2min for a given stalling segment, and the
interruption of flow lasted for ~50s. At each imaging
time point, 3.4% of the visible capillary segments were
stalled (point prevalence of stalls). As acute cranial sur-
gery and anesthesia would have an impact, we per-
formed experiments using awake mice with chronic
cranial windows, at rest (n="7). In these animals, capil-
lary stall events were less frequent, but still consistently
being observed. In awake mice, the stall incidence was
7.5%, occurring on average once every 4 min for each
stalling segment with a duration of ~15s on average
(Table 1). For each imaging time point, 0.45% of the
capillary segments were observed to be stalled.
Differences in these stall parameters between acute
and chronic animal groups were significant. These stat-
istics were acquired from all upstream and downstream
capillary segments visible in the ROI.

Temporal dynamics of capillary stalls

We compared the distributions of all stalling segments
in terms of stall frequency (observed stalls in 9 min) and
cumulative stall duration for both the acute (n=348
segments) and the chronic/awake (n=252 segments)
studies. Figure 2(a) and (b) shows the probability dis-
tribution function of the stall frequency and cumulative
stall duration. The distributions for acute and chronic/
awake mice were different, with acute mice having a
larger stall frequency and cumulative stall duration.
Less than 2% of these segments in the awake group
were cumulatively stalling for over 300s, while more
than 10% of the segments cumulatively stalled for
over 300s in the acute/anesthetized group.
Aggregating the acquired image ROIs from the chronic
awake animals (14 ROIs), we found no correlation
between stall incidence and average cumulative stall
duration (R*=0.1482, p=0.174, Figure 2(c)), suggest-
ing that a higher number of involved capillaries did not
necessarily mean that these capillaries would be stalling
for longer durations.

Since we observed a difference in stall param-
eters between acute/anesthetized mice and chronic/
awake mice, we tested another group of animals to
evaluate the effect of isoflurane anesthesia alone. We
compared stall events immediately before and 5min
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Figure 2. Temporal dynamics of capillary stalls. (a—b) Distribution of stall counts and cumulative stall durations of each segment in
acute (anesthetized) and chronic (awake) cranial windows during a 9-min observation. Model prediction is seen as a green dotted
curve in (2). (c) Lack of correlation of stall incidence with average cumulative stall duration (per ROI) for awake animal recordings.(d—
e) ldentified percentage of stalls relative to all observed segments (d) or all identified stalling segments (e) as a function of observation
time (imaging time extended to 18 min). Exponential fit is seen as black dotted curve in (d).

after establishment of anesthesia in mice with
chronic surgery (n=6, one prior animal was
excluded due to poor cranial window quality). These
experiments were done ~3 months after the initial
set of experiments, which may account for the slightly
different baseline characteristics. We observed that
isoflurane significantly increased the stall incidence
(11.9% vs. 6.8%) and point prevalence of stalls
(1.5% vs. 0.6%) compared to the awake state, but
that stall frequencies and durations were not different
(Table 1).

When we plotted the cumulative stall incidence
versus image acquisition time, we noticed that the
total number of stalling segments was still increasing
after 9min (Figure 2(d) and (e)). We thus extended
the measurement duration to 18 min in both chronic/
awake (n=0) and acute/anesthetized animals (n=4).
Cumulative stall incidence over the 18-min observation
time revealed that the first 9 min identified about 75%
of all observed stalling segments, and that the number
of stalling segments was likely still increasing after
18 min (Figure 2(d) and (e)).

Repeatability of observed capillary stalls

Next, we aimed to quantify the degree to which capil-
laries would repeatedly stall. We started by comparing
the stalls within the same ROI between two immedi-
ately repeated 9-min time-series in awake mice (7= 0),
the second one initiated about 1 min after the first one
was completed. Only 65% of stalling capillaries were
common in both recordings, although the total stall
incidence was similar (7.3% vs. 7.0%) in both cases.
This could be explained simply by the previous obser-
vation that not all capillaries stall within a given 9-min
interval. We then explored if this repeatability of stal-
ling segments would be maintained over days and
weeks. In awake animals, we repeated measurements
within the same ROI, with one-day, one-week and
one-month intervals, to see what fraction of stalling
segments was common in the repeated sessions
(Figure 3(a) and (c)). We found that ~50% of previ-
ously stalling capillaries were exhibiting stalls again.
For these repeated measurements, there was no signifi-
cant difference in the stall incidence, and there was no
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Figure 3. Repeatability of capillary stalls (a) representative angiogram at baseline, at one week and at one month later showing
segments that were observed to stall during each session. Stalling segments that are common across different imaging sessions are
marked with the same color circle. White circles indicate segments that were only observed to stall in that given imaging session.
Scalebar: 100 pm. (B) Comparison of stall incidence in awake mice across different imaging sessions. (c) Percentage of common stalling
segments across different imaging sessions defined as the number of common stalling segments divided by the mean number of stalling
segments in the two imaging sessions. No significant difference was observed between imaging sessions, but 10-min recording intervals
had a higher percentage of overlapping segments. Common stall percentages were high compared to a random model of stall overlap
percentage. Prediction of overlapping segment percentage by our model of stall kinetics matched the actual measured common stalling
segment ratio, indicating that the same capillaries stall in repeated imaging sessions. (d) Re-stalling segments have a significantly higher
stall frequency compared to non-restalling segments. (e) Cross-correlations of stall counts for the overlapping segments between
repeated recordings at 10 min, one-day, one-week and one-month intervals. We observed a weak but significant correlation in the
overlapping segments for the 10 min repeated recording but there was no correlation for the longer intervals, which may explain the
relatively higher percentage of common stalling segments observed in 10-min repeats.

apparent change in the morphology of the capillary
network over time (Figure 3(a)). The segments with a
higher stall frequency in the first session had a signifi-
cantly higher probability of being detected as a stalling
capillary in the repeated session (Figure 3(d)).

Comparing restalling and nonrestalling segments, we
did not find significant difference in segment length
(89 £ S5um vs. 924+ 16 um, respectively) or tortuosity
indices® (1.45+0.1 vs. 1.41+0.1, respectively). We
also did not visually identify a distinguishing
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phenotype. This implies that the propensity of certain
segments to stall repeatedly is not a result of their
geometry.

We calculated what percent of capillaries would be
commonly stalled in two repeated occasions, if they
were selected randomly from the same pool of ~200
capillary segments. We applied the measured percent-
age of stalling capillaries and randomly assigned capil-
laries in two different imaging sessions accordingly. We
found that only ~10% of stalled capillaries would be
common between imaging sessions by chance alone. In
fact, a significantly higher number of stalling capillaries
were overlapping between imaging sessions (p < 0.001),
suggesting that certain capillary segments were more
prone to stalls than others.

Modeling the temporal dynamics of stalls

We developed a simple model to help us understand if
the 50% overlap of stalled capillary segments after one
day, one week and one month was expected given the
cumulative stall incidence versus time in Figure 2(c), or
if we would expect a higher percent overlap. If our
model predicts the 50% overlap, then it suggests that
the specific capillary segments that stall do not change
over the one day and longer intervals. It would suggest
that if we were to measure all of the stalled capillaries,
which would require perhaps a 1 or 2-h experiment,
then we would observe 100% overlap. If instead, our
simple model predicts a higher percent overlap, then it
indicates that different capillaries are stalling after one
day and longer. We might expect that different capil-
laries are stalling after one day and longer because the
10-min interval has a 65% overlap. We fit the chronic
window cumulative stall incidence data in Figure 2(c)
with a simple exponential model

Lyan = A(1 — exp(—t/B)) + C (1

where 4 + C is the total stall incidence, C is the point
prevalence of stalls at any given time point, B is the
time constant for a stall to happen in any given capil-
lary that experiences stalls, and ¢ is the experiment time.
The best fit gave us 4 =11%, B=8 min, and
C = 1.25% (see the dotted line fit in Figure 2(c)), indi-
cating that a total of 12.25% of the capillaries would
stall if we measured long enough to observe all of the
stalling capillaries.

We then performed a Monte Carlo simulation cal-
culating when a given stalling capillary would have its
stalling events where initially C percent of the capil-
laries were stalled, and the time intervals for subsequent
stall events for each capillary were drawn from a
random sample of an exponential probability distri-
bution function given by the time constant B.

The cumulative stall incidence predicted by the simula-
tion matches equation (2), as expected. We could then
calculate different random instances of which of the
A + C capillaries would stall in a given 9-min experi-
ment and calculate the percent overlap of capillaries
that stall in two different instances. The model predicts
an overlap of 51% =+ 10%, which matches well with our
observed overlap of 51.7+7.7%. This implies that the
same capillaries are stalling even after one month from
the original measurement and that we only measure a
50% overlap simply because the recording session was
not long enough. The model predicts that if we mea-
sured for 18 min instead of 9 min, that we would meas-
ure an 82% overlap.

We need to explain the larger 65% overlap when the
9-min measurement was immediately repeated. We sus-
pected that capillaries that stalled had a higher propen-
sity to stall again over this short time span of 20 min.
We calculated the cross-correlation of cumulative stall
durations of common stalling segments in the 1st and
2nd sessions for varying interval recordings. There was
a significant correlation between consecutive recordings
for 10-min repeats (Figure 3(e)) but no correlation for
longer intervals (one day, one week, one month), con-
firming our hypothesis that the stall kinetics of given
capillaries were similar within 10 min after the initial
recording but not after longer intervals. To further con-
firm this, we used our model to predict the plot in
Figure 2(a) which shows the percent of stalling capil-
laries with a frequency greater than X stalls per 9 min
recording. The prediction is shown by the dotted line in
Figure 2(a) and indeed the model underestimates the
experimentally observed stalling frequency distribution,
confirming our expectation that capillaries that experi-
ence a stall are more likely to stall again on this short
time frame.

Effect of functional stimulation on stalls

We performed whisker stimulation experiments (n=6)
simultaneously with OCT angiogram time series
acquired over the barrel cortex in awake animals in
order to assess whether capillary stalls would be
affected by increased blood flow during functional acti-
vation, which was confirmed with laser speckle contrast
imaging (Figure 4(a)) (see supplementary methods). We
then compared stall incidences and point prevalences of
stalls in the 5-frame-epochs before, during and after
stimulation. Although stalls could still be observed
during sensory stimulation, their average incidence,
prevalence and cumulative durations were significantly
lower during the stimulus than during the pre-stimulus
period (incidence: 1.27 £0.68% vs. 0.64 £0.3% of all
segments, p=0.018; prevalence: 0.47+0.23% vs.
0.2£0.09% of all segments, p=0.012; cumulative
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Figure 4. Functional modulation of capillary stalls. (a) Laser speckle contrast imaging over the OCT region of interest (black square),
confirming the functional hyperemia in the relative blood flow images. (b) Matrix plot of individual stall events during the course of
OCT angiogram time series, acquired from a single experiment. Black points denote the stalls. Each row represents a different segment
of interest. Green shades mark the epochs during whisker stimulation, while pink shades show the pre-stimulation or post-stimulation
epochs. (c) In selected ROIs, angiograms averaged over five frames during pre-stimulation and stimulation periods revealed segments
(arrowheads) appearing during whisker stimulation that had a stall in the pre-stimulation phase. Scalebar: 50 pm. (d) Case-by-case
plots of average point prevalence of stalls during pre-stimulation, stimulation and post-stimulation epochs. Stall prevalence was
significantly lower during the stimulation period compared to pre-stimulation. (e) There was no significant difference between the
acquisition frames corresponding to these epochs in the control group, in which no external whisker stimulation was applied.

duration: 6.6+£2.6% vs. 3.6£1.6% of epoch,
p=0.017; for pre-stimulus and stimulus, respectively)
(Figure 4(d)). The incidence (1.01 £0.69%), prevalence
(0.38 £0.32%) and cumulative duration (5.4 +2.8%) in
the post-stimulus period was also relatively higher than
the stimulus, but it did not reach statistical significance
in post hoc analyses. In the control group (n=26), vir-
tually no difference in any parameter between the cor-
responding OCT epochs was observed (p>0.05)
(Figure 4(e)).

Location of stalls within the microcirculatory network

We next quantified the spatial differences between stal-
ling and nonstalling capillary segments. In awake ani-
mals (n=5), we acquired two-photon-microscopy
angiograms spatially overlapping with the OCT-angio-
grams (see supplementary methods). TPM angiograms
have a higher spatial resolution and signal-to-noise

ratio and better enabled us to determine the branch
orders of the segments relative to the feeding arterioles
and draining venules within the microcirculatory net-
work (Figure 5). In our imaging areas, capillary
branching orders ranged from Al to A5 (after the pene-
trating arteriole) and V1 to V5 (before the ascending
venule). We did not count more than five branch orders
from arterioles/venules as we were not confident that
such segments were not closer to arterioles or venules
outside of our field of view given that on average there
are eight capillary branches between the penetrating
arterioles and veins in mice.?*2® Therefore, our sam-
pling of segments here does not involve comprehensive
tracing of the whole vascular network where high
branch-order capillaries would be actually more numer-
ous than indicated. Each capillary segment was counted
only once as being closer to an arteriole or venule. The
stalling segment distribution largely tracked the distri-
bution of capillaries, but with a bias away from the first
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with white arrows. Scale bars: 50 um. The example in (a) has a large number of stalling segments that is not representative of the other
cases imaged. (d—e) Distributions of stalling and all (stalling PLUS nonstalling) capillary segments. AI-A5: Arterial-side capillaries with
respective branching orders. Al is the first capillary-size (<10 pm diameter) segment after the diving arteriole. V5-VI: Venous-side
capillaries with respective branching orders. VI is the last capillary-size segment before the ascending venule. Distributions are

significantly different (x*=27.05, P < 0.001), with a bias away from the first one to two branches downstream from arterioles and
toward venules. (f) Comparison of stall durations in arterial and venous side segments. All stalls lasting longer than | min were found

only on the venous side of the capillary network.

couple of arteriole branches downstream toward the
venules (Figure 5(d) and (e)), it was striking that none
of the arterial side stalls extended beyond 1min.
Although the majority of stalls were still short-lasting
(less than 1 min) on the venous side, stalls longer than
I min occurred exclusively on the distal end of the
microcirculation (Figure 5(f)).

RBC and plasma velocities in stalling segments

In another group of experiments (7 = 2) with acute cra-
nial windows, we acquired OCT-angiogram time-series
and dynamic light scattering (DLS)-OCT>"*® sequen-
tially within the same ROI (see supplementary meth-
ods). DLS-OCT enables us to robustly measure the
velocities of the RBCs in capillaries and thus we are
able to compare RBC velocities in stalling and nonstal-
ling segments. After an 18-min OCT-angiogram acqui-
sition, DLS-OCT data were acquired to get RBC
velocities in capillary segments. Then, we administered
0.2ml Intralipid®(@i.a. in 1min) to fill the plasma with

scattering particles (smaller than RBCs),”® allowing
measurement of plasma velocity in the same segments
(Figure 6). We identified the stalling segments in this
region from the angiogram time-series, determined the
average RBC/plasma velocity within the segments and
selected the same number of nonstalling segments ran-
domly with the observer blinded to the capillary velo-
cities. In stalling segments, both RBC and plasma
velocities were significantly lower than their nonstalling
counterparts (Figure 6(a) and (b)). Paired RBC and
plasma velocity measurements revealed a fraction of
stalling segments (9.4%) with comparably high
plasma velocity (equal/higher than the mean plasma
velocity of nonstalling segments), suggesting relatively
slower RBCs than plasma in those segments during
flowing conditions (Figure 6(c)).

Sensitivity of OCT-angiography for capillary flow

It is important to understand the lower limit of RBC
flow sensitivity in capillaries in order to determine if our
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Figure 6. Differential RBC and plasma velocities in stalling vs. nonstalling capillaries. (a—b) Average RBC and plasma velocities in
stalling vessels, even during flowing conditions are significantly lower than nonstalling vessels, as measured by DLS-OCT capillary
velocimetry. (c) Scatter plot of average RBC and plasma velocities for each stalling and nonstalling segment. Both RBC and plasma
velocities are lower in stalling segments. About 9.4% of stalling segments have plasma velocities equal to or higher than nonstalling
segments. (d) Representative DLS-OCT images of capillary velocities in stalling and nonstalling segments, before and after intralipid

injections.

observed stalls indicate an absolute cessation of RBC
motion or if a relatively small amount of RBC motion
was still possible. We performed a phantom experiment
in which a static scattering surface was moving at vary-
ing constant horizontal velocities and the correspond-
ing angiogram signal intensity was then calculated. We
included the range 0.1-0.5mmy/s as this was the lower
end of the physiological capillary velocity.*® We also
included values below 0.1 mm/s to account for sub-phy-
siological velocities. We plotted the angiogram signal
intensity difference between the motion and baseline
conditions. The intensity difference was the highest
above 0.3mm/s, then it diminished between 0.2 and
0.02mmy/s, virtually disappearing at 0.01 mm/s, which
is presumably the angiogram sensitivity for a horizontal
velocity vector (supplementary figure). For an in vivo
observation on sensitivity, we acquired angiograms in
mice with five repeated B-scans for each B-line, instead
of the regular two, which allowed us to compare angio-
gram signals acquired with varying B-scan intervals.
Longer B-scan intervals provide higher sensitivity for
particle motion.>"* For a total number of 100

consecutive stall events in four experiments, we were
still able to identify 88 of those stalls in both two and
five B-scan intervals. Twelve stalls were apparent in 2-B
scan interval (8§ ms) but were not detected in the 5-B
scan interval (32ms), suggesting a very slow RBC
motion in these relatively few segments.

Discussion

The cerebral microcirculation is a highly dynamic net-
work specialized for efficient delivery of oxygen and
nutrients to the brain. Our work expands our under-
standing of the hemodynamic principles governing
capillary function under physiological conditions, uti-
lizing the capabilities of OCT. We show that in awake
mice and during rest, a significant portion of capillaries
experience momentary cessation of moving blood cells.
These interruptions in flow are brief, lasting from a few
seconds to a minute, rarely up to a few minutes. Even
though each individual stall is short-lasting, cumula-
tively, any given capillary segment that experienced a
stall, had a cessation of flow for ~5% of the 9-min
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observation time in awake, healthy mice. Functional
hyperemia in awake animals had a profound effect on
stalls, and during somatosensory activation signifi-
cantly fewer stalls were observed than just before the
stimulation. Although stalls were also relatively lower
during stimulation than the post-stimulation period as
well, this difference was not significant, implying that
the return of stall parameters to baseline takes a longer
time.

Stalls were repeatedly occurring in the same capil-
laries over a month, rather than randomly. In addition,
stalling capillary segments were shown to have a slower
RBC/plasma speed (measured between stalls) com-
pared to nonstalling segments. The distribution of stal-
ling capillaries followed the distribution of all segments,
with a bias one to two branches away from the
upstream end of the capillary network. Stalls lasting
longer than 60s were virtually always in downstream
branches. The predisposition of stalls to the down-
stream side can be partly explained by the decreasing
flow velocity (1.2£0.8mm/s in Al; 0.7+0.3mm/s in
V1) and pressure gradient arising from the larger
cross-sectional area of capillaries on the venous versus
the arteriole side of the capillary network in mice,**®
limiting the driving force for the cells passing through
the segments and increasing the propensity for RBCs
and leukocytes to stick to the wall.*

Anesthesia and acute cranial surgery exacerbated the
stalls; a higher fraction of capillaries stalling with a
longer duration in acute preparations and an increased
number of segments involved under isoflurane. It
should be considered that we had no blood pressure
recording in the animals with chronic windows and
the effect of isoflurane may be due to an expected
10-15mmHg drop in mean blood pressure after induc-
tion*® as this could reduce capillary RBC speed.

Capillaries with a cessation of RBC flow would be
challenging to observe with only 0.5% to 3.5% of seg-
ments experiencing a stall at any given instant in awake
and acute/anesthetized mice, respectively. The OCT-
angiogram time-series allow imaging of ~200 capillary
segments in ~10s, and any given capillary segment
signal vanishes when the motion of RBCs through the
capillary stops, making the identification easy. Imaging
of awake animals made it possible to indicate that these
events were not merely a complication of anesthesia or
surgery, but also physiological, and even responded to
cortical activation. Combining OCT-angiograms with
high signal-to-noise ratio fluorescent, TPM angiograms
make it possible to overlap dynamic stall information
with anatomical features, like capillary orientation and
location within the microcirculatory network.

Previously, a TPM study showed that 34+1% of
capillaries in anesthetized mice were stalled, based
on time-lapse imaging of the motion of blood cells.'”

The percentage of stalled capillaries increased 5- to 8-
fold in mice with excessively high blood cell counts.'’
The increased number of blood cells, by increasing vis-
cosity and clogging at capillary segments, can readily
increase stalls. It is also likely that RBCs in some of
these mouse models express adhesion proteins and stick
to the capillary wall.*' In diseased mice, stalls were per-
sistent with median stall durations extending from 30 to
130 min, with very few stalled capillaries observed to
reestablish flow during observation. In healthy mice,
our observed stall durations were shorter, mostly
lower than 30s, with a small fraction extending up to
more than 2 min. Even in mice with acute windows, we
very rarely observed stalls lasting longer than 5min.
But in practically all cases, we saw a reestablishment
of blood flow within the 9-min recording. Therefore, at
least in our experiments with wild-type mice, we can
conclude that stalls were short lasting and almost
always temporary.

The OCT method is superior to TPM for identifying
the temporal kinetics of stall events, since it allows
uninterrupted monitoring of flow in hundreds of capil-
laries in few seconds. A TPM approach needs to focus
on a limited number of segments with high magnifica-
tion and a narrow field of view with the result that it is
not practical to measure a large number of capillaries
with a sufficiently long duration to characterize these
temporal dynamics. Imaging of an equivalent number
of capillaries to OCT-angiograms (~200 segments)
would have a time resolution of minutes. The ability
to image these stall events in a large field of view per-
mits determination of the time-dependent distribution
of stall events within a vascular network, which will
provide sufficient data to guide simulations for assess-
ing the hemodynamic effect of stalls on a microcircula-
tory network. It is possible that stalls persisting for
30-130 min, as observed by the previous TPM study
in diseased mice,!” are also present in our wild-type
mice but that our OCT method is not revealing them
as we need an image frame in which the capillary seg-
ment is not stalled in order for it to be revealed in the
OCT-angiograms. A future study will have to carefully
co-register TPM and OCT-angiogram data acquired in
rapid succession in order to assess this. This combined
imaging can enable identification of segments stalled
for a longer duration than OCT time-series.

We had to use C57BL/6 strain mice in our chronic
surgeries due to their decreased predisposition to
neuro-inflammation.** Only females were included
because of their calm behavior, easier housing and to
prevent sex-dependent-variability since estrogen and
testosterone affect the vascular histology and binding
of blood cells to endothelium.*** In those animals, the
dura was kept intact to preserve cerebral physiology for
the extended chronic imaging. The difference of strains
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and surgical preparations between acute and chronic
window groups would possibly affect the differences
in stall characteristics. To account for any major differ-
ences, we did preliminary tests on C57BL/6 mice (n=3)
with acute windows and intact dura. Average stall inci-
dence (19.445.7%) and prevalence (3.5+2.1%) were
comparable to our reported results on CDI.
Performing an extensive comparison among different
animal strains was beyond the scope of this work.
However, detailed future work with relatively higher
number animals to increase statistical power would elu-
cidate differences between mouse strains, if any.

Inflammation underneath the cranial window would
readily affect capillary flow properties with increased
binding of blood cells to the endothelium. At least
some degree of inflammation is inevitable during cra-
niotomies. However, previous work suggested that even
though subacute inflammatory changes would persist
for up to two weeks after cranial window surgery,
they would have mostly cleared by the end of the first
month,**#” which was the minimum interval between
our surgeries and imaging. We also administered cor-
ticosteroids and anti-inflammatory medications in
the perioperative periods. Moreover, we did not see a
change in the ratio of stalling segments between
repeated imaging sessions over a one-month interval.
If there were ongoing subacute inflammatory changes
affecting the stalls in the first imaging session, they
would at least decrease after one month and we
would find a different ratio of stalls in the later sessions.
Therefore, we believe that we can practically ignore the
inflammation effect in our animals with chronic win-
dows. Previous observations of similar capillary stalls
in retina'® also suggest that these stalling events may
occur regardless of surgery.

A limitation in our methodology is that the detection
of stalls depends on the imaging duration. Even though
a 9-min recording identifies most of the stalls, we tend
to detect at least 30% more stalling segments when we
extend the observation to 18 min. Therefore, we can
assume that with a limited amount of observation, we
are always detecting a fraction of stalling capillaries,
and this explains why we only observed a 50% overlap
in stalling capillaries when our recording was repeated
one-week or week-month later. In theory, although not
practical, if we could record and analyze even longer
durations, we would possibly identify all stalling seg-
ments. The current need for manually counting the stal-
ling segments is a limitation for extended recordings but
automated algorithms, if developed, can improve this
analysis. Another criticism would be that our analysis is
limited to the same cortical depth, around 150-250 um
below the brain surface. OCT signal quality drops with
increasing depth and detecting stalls require unaver-
aged single time-point angiogram data which can

have low signal-to-noise ratio. Parameters of stall kin-
etics could be differing across different cortical layers.

Our OCT-angiogram signals in capillaries are gener-
ated by the motion of blood cells, mostly RBCs. With a
drop-out in angiogram signal, we are assuming that
RBC flow has ceased, which may not always be the
case. We performed a phantom experiment to measure
the sensitivity of our imaging and found that we could
detect an angiogram signal with a minimum 0.02 mm/s
velocity. Other work on angiogram sensitivity also indi-
cated that OCT-angiography is sensitive enough to
image very slow blood flow at ~0.004 mm/s.?!3%4®
Since average RBC velocity in capillaries is within the
range 0.2-1.6mm/s,”° we are assuming that we are
detecting capillaries with practically no RBC flow as
stalling vessels. However, this may not always be the
case for two reasons: Firstly, since we are manually
identifying the stalling segments, the human eye may
not be able to differentiate the low angiogram signals
generated by transverse velocities slower than 0.05 mm/
s from the background, being easily biased to mark
these as no-flow. Secondly, our phantom experiments
did not test for axial velocity sensitivity, which may be
different from transverse velocity and also the sensitiv-
ity for actual RBC flow may be different from motion
of a phantom scattering surface. Another limitation
was that OCT could not determine whether stalling
segments had RBCs stuck in them or had no RBCs at
all, serving as “plasma channels”.**=° In fact, it is pos-
sible that the fraction of stalling segments with very
high plasma velocity compared to RBC velocity
would belong to such a group, the physiological signifi-
cance remains to be determined. Finally, we did not
systematically compare different cortical areas, being
limited by the size of the cranial window. The stall par-
ameters may be varying across different cortical
regions, which would be another point for future
investigation.

Diseases of small vessels are common causes of pro-
gressive disability and cognitive decline, especially in
the elderly, with contribution from cardiovascular risk
factors like hypertension and diabetes.**'>? Changes in
capillary morphology play an important role in micro-
circulatory dysfunction.’’>® However, evaluation of
dynamic flow patterns is also crucial,>*>® but it is
more difficult, since this requires imaging techniques
with high spatiotemporal resolution. To enhance
oxygen delivery, capillary flow patterns should hom-
ogenize when metabolism increases as heterogenous
velocities across a network diminishes the oxygen
extraction.”*>’>? Capillary dysfunction ends up with
a diminished functional hemodynamic response and
oxygen extraction.’> Our observation of the lower
prevalence of capillary stalls during functional
activation may contribute to optimization of
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microcirculatory flow patterns. Excessive capillary
stalls, on the other hand, can be another feature of
capillary dysfunction impairing cerebral perfusion or
limiting oxygen extraction by increasing flow hetero-
geneity.”>>* The effect of individual stalls on cerebral
oxygenation, which was beyond the methodological
capabilities of this study, is an intriguing point to
address. Under physiological conditions, it can be
expected that oxygen would be largely extracted in
the first few branches after the precapillary arteriole®
and it remains to be investigated if stalls on the down-
stream end of the microcirculation have a profound
impact on tissue oxygenation. The relatively lower
prevalence of capillary stalls during functional hyper-
emia can be a passive adaptation to the increased flow
velocity so that more oxygen would be available for the
downstream branches to extract. Whether this func-
tional stall modulation actually represents a reserve
for increased demand, however, can be questioned,
especially considering that most capillaries (>99%)
were already flowing under resting conditions, in line
with previous work.?® On the other hand, these baseline
and activated capillary stalls may be different in pathol-
ogies and could be causing dynamic oxygenation prob-
lems within the cortex. All these interesting points
remain to be determined by future work utilizing
advanced techniques for dynamic monitoring of tissue
oxygen with high spatiotemporal resolution.®

With this work, we conclude that RBC stalls in cere-
bral capillaries under physiological conditions in mice
are frequent and consistent events. These stalls, which
may not be detected by static imaging, can be quanti-
fied by OCT-angiography time-series efficiently. Acute
cranial surgery and anesthesia result in a higher number
of stalls compared to awake animals with chronic win-
dows. Future investigation of these dynamics would
reveal their impact on tissue perfusion and oxygenation
even with normal pial arterial flow and a relatively
normal capillary morphology. Investigation of the fre-
quency, distribution and duration of capillary stalls can
be exploited to better understand the diseases with
capillary dysfunction and our method can be easily
applied to different experimental models.
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